The oxygen radical-induced DNA lesion 8-oxo,7,8-dihydro-2'-deoxyguanosine (8-oxodG) is the most commonly measured marker of oxidative DNA damage, which is currently considered a main cause of aging. However, a detailed study of the age-related variations of this marker in both mitochondrial (mtDNA) and nuclear (nDNA) DNA of post-mitotic organs throughout the life span has not been previously performed. In this investigation 8-oxodG steady-state levels were simultaneously measured in mtDNA and nDNA in the heart and brain of SpragueDawley rats at up to five different ages covering most of the adult life span, 4, 8, 12,17 and 24 months of age, using exactly the same digestion of DNA to deoxynucleosides and chromatographic procedures for mtDNA and nDNA. 8-oxodG levels were maintained without changes during young and middle age in all cases, but showed statistically significant increases at the older ages studied in the majority of the kinds of DNA investigated. These age-related increases in oxidative damage occurred in brain nDNA at 17 and 24 months of age, in heart nDNA at 24 months of age, and in brain mtDNA at 24 months of age, whereas no significant age-related changes were detected in heart mtDNA. Besides, 8-oxodG levels were various fold higher in mtDNA than in nDNA, both in brain and heart, at all the ages studied. The results show that oxidative damage to DNA is higher in the mtDNA than in the nDNA of postmitotic tissues throughout the whole life span of the rat and that and increase in mtDNA and nDNA oxidative stress occurs in most cases in old animals.
INTRODUCTION
Oxygen radical generation in the mitochondrial respiratory chain has been hypothesized as a major cause of aging (1, 2) , a concept strongly reinforced by recent findings (3, 4) . Oxidative damage to DNA is specially To whom all correspondence should be addressed: Prof. Dr (5) . Recent comparative studies from our laboratory have shown that oxidative damage to mitochondrial DNA (mtDNA) is negatively correlated with maximum life span across mammalian species (6) . This is consistent with many previous investigations which showed that the rate of mitochondrial oxygen radical generation is also negatively correlated with maximum life span (see 4 for review). Thus, short-lived species, like laboratory rodents, continuously produce oxygen radicals at mitochondria with high intensity throughout life (both in young and old adult animals). This would cause their comparatively higher steadystate levels of oxidative damage to mtDNA and their higher rate of accumulation of mtDNA mutations, which would explain in part their quick aging rate, the reverse being true in long-lived species (4, 7) . While this can be correct, the secondary additional possibility exists that the balance between the generation and elimination of oxidative DNA damage is altered during aging. An increase in the steady-state levels of oxidative DNA damage during aging would indicate that the flux of oxidative damage through DNA is higher in old than in young individuals, which would accelerate aging in the old. To clarify that possibility, oxidative damage to mtDNA and nuclear DNA (nDNA) must be measured at various ages throughout the life span in post-mitotic tissues (the ones more relevant to aging), like heart and brain.
Previous studies about age-related variations in oxidative damage to nDNA, measured as 8-oxo-7,8-dihydro-2'-deoxyguanosine (8-oxodG) , are very scarce in the heart (8) (9) (10) and in the case of brain have resulted in conflicting results (8) (9) (10) (11) (12) (13) (14) (15) . In the case of heart mtDNA the scarcity of studies is also accompanied by strong discrepancies (16, 17) . In addition, many of those reports studied only two ages (one for young and one for old individuals), instead of measuring 8-oxodG at many time points throughout the whole life span. This limitation is specially frequent in the case of mtDNA. Moreover, studies measuring simultaneously 8-oxodG in mtDNA and nDNA are scant, are mainly limited to nonpost mitotic tissue (liver, 10, 18, 19) , and the possibility that oxidative damage is higher in mtDNA than in nDNA has never been tested throughout the aging process.
In order to contribute to overcome those limitations, in this work 8-oxodG steady-state levels were simultaneously measured by high performance liquid chromatography (H PLC) with electrochemical detection in brain and heart nDNA and mtDNA of male Sprague-Dawley rats at up to 5 different ages covering most of the adult life span of this animal: 4, 8, 12, 17 and 24 months of age.
RESULTS
The values of rat brain 8-oxodG in nDNA as a function of age obtained in the present investigation cover most of the life-span of the adult rat (4, 8, 12 , 17 and 24 months of age; Fig.l ). Significant differences as a function of age were found by one-way analysis of variance (ANOVA). Paired post-ANOVA comparisons between selected age groups showed lack of differences at the beginning and the middle of the life span (between 4, 8 and 12 months). They also showed that the brain 8-oxodG values in nDNA started to increase at 17 months of age since at this age significantly higher values than at 12 months were already observed. At 24 months of age 8-oxodG was significantly higher than at 4, 8 and 12 months of age (Fig. 1) .
HEART nDNA 9 B~. Values are means _+ SEM from 5 to 8 animals (brain) or from 5 to 7 animals (heart). Significant differences as a function of age were observed in both organs by one-way ANOVA. Heart: * significant difference between 24 months and all the rest of the age groups. Brain: 9 significant difference between 17 months and 12 months; and 9 significant difference between 24 months and 4, 8, or 12 months (LSD post-ANOVA tests).
Analogously to what happened for brain nDNA, 8-oxodG also showed age-related significant differences in rat brain mtDNA (Fig. 2) . In this case, oxidative damage did not vary between 4, 8, 12, and 17 months. At 24 months of age 8-oxodG levels in brain mtDNA were significantly higher than in all the other age groups (Fig. 2) .
8-oxodG in rat heart nDNA showed a pattern of significant age-related variations ( Fig. 3 ) similar to that observed in both kinds of brain DNAs. Whereas no significant differences were observed between 4, 8 and 17 months of age, the 8-oxodG values observed at 24 months were significantly higher than those observed at the three previous ages ( Values are means _+ SEM from 6 to 8 animals except at 12 months (4 animals) in brain, and from 5 to 7 animals except at 12 months (3 animals) in heart. Significant differences as a function of age were observed in the brain by one-way ANOVA whereas heart values did not show significant age-related differences. * significant difference between 24 months and all the rest of the age groups (LSD post-ANOVA tests).
8-oxodG was also assayed in rat heart rntDNA ( Fig.  2) . In this particular case, differing from what was observed in the three previous comparisons, no significant differences as a function of age were observed (Fig. 1) .
The 8-oxodG values obtained in mtDNA were also compared with those of nDNA in each tissue at the different ages, when both values were available in the same individual animal ( Table 1 ). The results showed that 8-oxodG values were always significantly higher in mtDNA than in nDNA at all the ages studied. In the case of brain, 8-oxodG was around 8 fold higher in mtDNA than in nDNA. In the heart, 8-oxodG values were around 9 fold higher in mtDNA than in nDNA. The magnitude of the difference in 8-oxodG between mtDNA and nDNA did not vary significantly as a function of age in any organ (Table 1) . aValues are means _+ SEM with the number of animals in parentheses. Data were calculated dividing the 8-oxodG/10 ~ value found in the mtDNA by the 8-oxodG/10SdG value observed in the nuclear DNA when both values were available in the same animal. Mean -+ SEM were computed at the different ages. No significant differences as a function of age were found in any organ (one-way ANOVA). 8-oxodG/10SdG values were significantly higher in mtDNA than in nDNA at all ages in both or~lans IStudent's t-test).
Changes ~ 8-oxodG During Aging

DISCUSSION
The results obtained in this work show that steady-state oxidative damage to nuclear DNA in the brain and heart is maintained at constant levels during most of the adult life span of the rat but it increases in old individuals in relation to middle age and young adults. A similar pattern was found for brain mitochondrial DNA whereas in heart mitochondrial DNA no age-related variations were observed. The data also show that oxidative damage is various fold higher in mtDNA than in nDNA at all ages. Previous studies about variations as a function of age in rodent or human 8-oxodG in brain nDNA are controversial, since some studies found increases in old versus young individuals (8,9,10,11) whereas other studies showed lack of age-related changes (12, 13, 14, 15) . A common characteristic of most of these studies is that they used only two (10, 14) or three (8) selected ages or studied correlations with age in single individuals of different ages (11, 12, 13, 15) . Only in the study of Kaneko et al. (9) mean values were obtained at many different rat ages, and, similarly to our observations, increases in 8-oxodG in brain nDNA were observed only at the end of the life span. Increases in 8-oxodG in nDNA in the brain of humans also occur at old ages: from 60 to 97 years (11) .
The situation for heart 8-oxodG in nDNA is different to that for brain nDNA. In this case, all previous studies, although less abundant, agree than age-related increases do occur. Thus, significantly higher values in heart nDNA 8-oxodG values have been found at 25 moths than at 5 months in mongolian gerbils (8) , at 27 months than at 8 months in C57BL/6 mice (10), and at 2"7 and 30 months than at all the studied younger ages in Fisher 344 rats (9) . Similarly, we found in the present study significantly higher 8-oxodG values in rat heart nDNA at 24 months than at 4, 8, and 17 months of age in Sprague-Dawley rats.
Our finding of higher 8-oxodG values in the brain mtDNA of'old compared with both young and middleaged rats is also concordant with the majority of previously published studies. Thus, higher 8-oxodG levels in brain mtDNA have been observed at 24 months than at 6 months in mice (20) and at 27 months than at 4 months in Wistar rats (21) . In humans, 8-oxodG in brain mtDNA also increased with age in all the four different brain regions analyzed in a study, specially when individuals younger and older than 70 years were compared (11). 8-oxodG in brain mtDNA also increased with age between 63 and 81 years in human frontal but not in parietal cortex (22) .
Concerning heart mtDNA, there is a scarcity of studies compared with brain mtDNA, and they are not consistent. Strong exponential increases as a function of age have been described in the human heart in a study (16) . However, the 8-oxodG values reported in that study, which used a special micro-HPLC/mass spectrometry technique, were very high, between 100 and 1,500/10~dG (0.1-1.5% 8-oxodG/dG; 16). It is well known that mass spectrometry techniques have resulted in the past in artifactual 8-oxodG values (23, 24) . In contrast to those findings, no age-related increase was observed in heart 8-oxodG in mtDNA in mice from 12 to 26 months of age in a study reporting values of 6/ 10SdG in young adults (17) . This is in the range of the values obtained in the present study in rats in which we also did not found age-related differences. Thus, in the particular case of heart mtDNA, available information does not allow to conclude that oxidative damage increases with age.
Previous studies have shown that 8-oxodG is higher in mtDNA than in nDNA in the liver (10, 18, 19) , heart (6) and brain (6,11) of young mammals. In the present study this was found in the rat not only in young, but also in middle aged and old individuals, a fact which has not been previously reported. Thus, our results show that 8-oxodG levels are continuously maintained at higher levels in the mtDNA than in the nDNA throughout the aging process in rat post-mitotic tissues, the ones more relevant for aging.
What is the significance of the age-related variations in 8-oxodG levels? The presence of similar 8-oxodG levels at young and intermediate ages suggests that the flux of oxidative damage through mtDNA is maintained essentially constant during most of the life span (in young adults and at middle age), which would lead to a constant rate of accumulation of mtDNA mutations (25) (26) (27) (28) (29) (30) (31) (32) . This would agree with the known fact that aging is a progressive phenomenon occurring at roughly the same rate throughout most of the life span of each species. In the last parts of the life span, however, an imbalance seems to exist between factors generating and eliminating 8-oxodG, increasing its levels at least in heart and brain nDNA and in brain mtDNA. This suggests that the flux of free radical damage through DNA is increased in old individuals. This, if the free radical theory of aging is correct, should increase the rate of aging at old age over that present at young and mature ages. Concerning the absolute 8-oxodG levels obtained in this investigation, they are among the lowest reported in the literature using classic methods of DNA extraction, although still lower levels have been obtained in nDNA using the chaotropic Nal method (33) . Thus, the possibility remains that the real increases in 8-oxodG with age are still higher than those described in the present investigation.
EXPERIMENTAL PROCEDURES
Animals and tissue samples
Male OFA Sprague-Dawley rats of 250 g of weight were obtained from Iffa-Credo (Lyon, France) and were then maintained under barrier conditions at the university animal house at 20+1~ 14:10 L:D cycle and 40_+5% relative humidity with water and food ad libitum (B&K Universal GJ rodent toxicology diet, Humberside, UK). The diet contained the following amounts of antioxi-dants at all ages: vitamin A 18,000 UI/Kg diet, vitamin E 24 mg/Kg diet and ethoxyquin 150 mg/Kg. The mean and maximum Iongevities of the mate Sprague-Dawley colony were 26.9 and 36 months respectively. Rats were euthanized by decapitation at 4, 8, 12, 17 and 24 months of age. Whole ventricles and whole brains were washed free of blood, frozen in liquid nitrogen, and stored at -80~ to be analyzed simultaneously afterwards.
Isolation of mitochondrial and nuclear DNA
The nuclear DNA was isolated after homogenization, resuspension of nuclear pellets of brain and heart samples, and SDS treatment, by chloroform extraction and ethanol precipitation following the method of Loft and Poulsen (34) except that the initial homogenization buffer contained 5mM EDTA. Mitochondrial DNA, free of nDNA, was isolated by the method of Latorre et al., (35) adapted to mammals (20) as described previously (6) . All subsequent steps, i.e. enzymatic digestion and 8-oxodG and deoxyguanosine (dG) HPLC analysis, were identical for mtDNA and nDNA. All aqueous solutions used for DNA isolation or digestion were prepared in HPLC-grade water (Fisher Chemicals, Loughborough, UK).
Digestion of nDNA and mtDNA
The isolated nuclear and mitochondrial DNAs were 8-oxodG and dG assays in nDNA and mtDNA 8-oxodG and dG were measured by HPLC with on line electrochemical and ultraviolet detection respectively. For analysis, the nucleoside mixture was injected into a reverse-phase Beckman Ultrasphere ODS column (5 pm, 4.6 mm x 25 cm), and was eluted with a mobile phase containing 2.5% acetonitrile and 50 mM phosphate buffer pH 5.0 prepared using HPLC-grade water (Fisher Chemicals, Loughborough, UK). The amount of deoxynucleosides injected was higher than the minimum amount needed to avoid potential artifacts due to injection of small amounts of deoxynucleosides in the HPLC system (36) . A Waters 510 pump at 1 mL/min was used. 8-oxodG was detected with an ESA Coulochem II electrochemical cou~ometric detector (ESA, Inc. Bedford, MA) with a 5011 analytical cell run in the oxidative mode (El = 0 mV, E2 = 225 mV), and dG was detected with a Biorad model 1806 UV detector at 254 nm. For quantF fication peak areas of dG standards and of three level calibration pure 8-oxodG standards (Sigma) were analyzed during each HPLC run. Comparison of areas of 8-oxodG standards injected with and without simultaneous injection of dG standards ensured that no oxidation of dG occurred during the HPLC run.
Statistical methods
Global comparisons between all the different age groups were analysed by one-way analysis of variance (ANOVA). When significant differences were found in the ANOVA, comparisons between pairs of groups were performed using the least significant difference (LSD) post-ANOVA test. The 0.05 level was selected as the point of minimal statistical significance in every analysis.
